Abstract. In the present paper we review applications of the photoelectron spectroscopy (PES) technique to the investigation of transition metal oxide (TMO) interfaces. We summarize very briefly some of the principle, specific characteristics of TMOs. Because of the buried nature of the interfaces, the photoelectrons must penetrate certain thicknesses of material, which is easier with higher kinetic energies in the keV range. Thus, we also briefly summarize some of the hallmarks of hard X-ray photoelectron spectroscopy (HAXPES), before presenting four explicit samples of the analysis of TMO interfaces: The LaAlO 3/SrTiO3(0 0 1) interface, which had attracted attention because of the discovery of a sheet of high mobility electrons below the thin layer of LaAlO3; superlattices of the two insulators CaCuO2 and SrTiO3, which can be prepared to become superconducting at about 40 K; epitaxial films of the 90 K superconductor GdBa2Cu3O 7−δ on NdGaO3; and finally the analysis of the nucleation of the 90 K superconductor YBa2Cu3O 7−δ on SrTiO3(0 0 1). The latter two cases of the investigation of the superconducting films are examples of photoelectron spectroscopy by X-ray standing wave (XSW) excitation. Because of this, the bare essential features of the XSW technique are also briefly reviewed.
Introduction
With the discovery of superconductivity in the oxygen deficient Ba-La-Cu-O compound significantly above previously established transition temperatures in 1986 by Bednorz and Müller [1] , the community interested in transition metal oxides (TMOs) suddenly widened considerably. This community was further enlarged by surface scientists when it was realized that high temperature superconductors (HTSs), epitaxially grown on transition metal perovskites, represent a rich playground for fundamental and applied research [2] . It was realized early on that epitaxy allowed to tailor the properties of the HTSs such as their critical current density [3] .
More recently, with the discovery of a conducting sheet of electrons at the interface of two insulating TMOs, i.e., SrTiO 3 (STO) and LaAlO 3 (LAO) [4] , TMO interfaces have attracted further strong interest and became subject of intense research activities. Even 10 years after this discovery, and despite a wealth of studies, all aspects of the mechanism which gives rise to the (almost) twodimensional (2D) electron system of high mobility are not fully understood. The fact that this 2D electron gas develops only when the LAO is deposited on one type of the STO(0 0 1) termination and only if the LAO layer exceeds a critical thickness of about four unit cells suggested from the beginning an intrinsic, non-trivial mechanism. Electron transfer to the interface is thought to be a e-mail: jorg.zegenhagen@diamond.ac.uk driven by the electrostatic field, building up in the polar LAO with increasing thickness and which would be diverging unless the interfacial charges of the LAO are compensated. Other possible extrinsic origins of the conductivity that had been discussed such as oxygen vacancies in the STO, or intermixing at the interface have meanwhile been excluded of being the principle culprits for the formation of the sheet conductance. In the course of the research activities stimulated by the 2D gas at the STO/LAO interface, rich physics in terms of novel electronic reconstructions and phases have been observed at TMO interfaces (for a review, see e.g., [5] ). Thus, there are legitimate expectations that TMO interfaces may represent a fertile basis for novel electronic devices, intimately connected, however, to the already rich physics of TMOs. For a short review on this matter the reader is referred to a recently published paper by Mannhart and Schlom [6] .
As semiconductors, mostly of the p-block i.e., column III-VI of the periodic system, have been undoubtedly the electronic materials of the 20th century, transition metal oxides (TMOs) and their interfaces may well become the electronic materials of the 21st century [7] . Different from semiconductors, where the bulk electronic properties are meanwhile well understood and well described by existing theoretical tools based on single particle models, transition metal oxides display a wealth of properties, many of which are not well described by any theory and thus not well understood in their complexity at present. The bonding character of TMOs is neither covalent nor ionic. Most of the transition metals are characterised by several
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The European Physical Journal Applied Physics e ( ) Fig. 1. Molecular orbitals for an octahedral oxygen coordinated tetravalent transition metal atom such as Ti. The corresponding symmetry of the orbitals is indicated in the lower part of the figure. AOs means atomic orbitals; nb means nonbonding. After [9] and [10] (taken from Ref. [18] ).
oxidation states and TMOs thus display a very complex defect chemistry. Since the s-electrons of the transition metal are typically transferred to the oxygen, the electronic properties of TMOs are largely determined by the narrow band of highly correlated d-electrons of the metal [8] . It is the high degree of correlation that leads to the break-down of classical mean-field theories and density functional calculations. The scheme of the molecular orbitals [9] and their symmetry [10] for a sixfold coordinated oxygen coordinated Ti 4+ such as in TiO 2 or STO is shown in Figure 1 .
Already the comparably simple TMO NiO is a prominent illustrative case for which classical band-structure calculations spectacularly failed. With its partly filled d-band, NiO is by classical theory predicted to be a conductor, but experiment shows it to be an insulator with a wide band-gap of 4.3 eV [11] . Reasonable agreement with the experimental finding was reported in 1990 by Svane and Gunnarsson [12] using a self-consistent version of the self-interacting-corrected local spin density approximation of the spin density functional formalism. For some early and some recent discussion on the issue of NiO see Merlin [13] and Yin et al. [14] , respectively. While refined calculations are meanwhile able to describe quite well the bandstructure for TMOs such as NiO [15] , they still fail predicting or even explaining many of their properties. High temperature superconductivity of the various copper oxide compounds is a prominent case in this respect [16] .
With the discovery of the pn junction in the 1930ies at Bell Labs by Russell Shoemaker Ohl [17] , in semiconductor research the focus had shifted very early from the bulk material to interfaces. In fact, as Herbert Kroemer phrased it almost a quarter of a century later in his Nobel lecture on December 8, 2000: ". . . it may be said that the interface is the device". A similar development appears to be happening in the field of TMOs. With the bulk properties of the parent compounds not even fully understood, interest is shifting to the interfaces of TMO materials.
Hard X-ray photoelectron spectroscopy
Photoelectron spectroscopy (PES) is a widely used key technique for the characterization of chemical and electronic structure of materials. However, the pronounced surface sensitivity, due to the strong scattering of electrons, limits its applicability and the study of bulk samples and buried interfaces is not straight forward. Bulk sensitivity can be achieved by detecting photoelectrons with kinetic energies either in the electron-volt or in the several kilo-electron-volt range (cf. Fig. 2 ).
For low energy PES, the excellent features of optical lasers can be employed as excitation source. Because of the low excitation energy, the spectroscopy is limited to the conduction and valence band whereas core levels cannot be accessed. Thus chemical information cannot simply be obtained.
How to use hard X-rays in order to obtain chemical information from larger depth was demonstrated by Dallera et al. [19] 10 years ago, coining this technical approach hard X-ray photoelectron spectroscopy (HAXPES). The main results of this study in terms of the measured effective attenuation length (EAL)
1 of electrons is shown in Figure 2 . Because the photoelectrons are scattered inelastically largely by valence and conduction electrons, the EAL is only weakly material dependent.
Utilizing hard X-rays for PES is not really new. Already Siegbahn and coworkers used initially hard X-rays from classical anodes for their pioneering ESCA (electron spectroscopy for chemical analysis) studies in the '60s [20] . They used sources such as Mo K α Cu K α simply because they were available, before switching to lower excitation energies and profiting from higher cross sections and better energy resolution. Later, Lindau and coworkers demonstrated that it is realistic to use harder excitation energies when employing synchrotron radiation [21] .
Nevertheless, routine bulk-sensitive PES experiments using hard X-rays were long deemed unattractive because photo cross sections σ decrease very strongly (∼E −3 γ ) with increasing X-ray energy E γ , whereas the EAL increases only slowly with electron kinetic energy, roughly proportional to the kinetic energy E e-kin of the photoelectrons as shown in Figure 2 . As a rule of thumb, above E e-kin ≈ 0.5 keV, the EAL is roughly proportional to E e-kin with EAL/E e-kin ≈ 1 nm/keV. Meanwhile, the brilliant flux of modern synchrotron radiation sources renders HAXPES experiments routinely possible and very attractive for investigating properties of bulk materials, buried objects and interfaces. It has been demonstrated that chemical information can be retrieved from depths exceeding 50 nm when exciting photoelectrons with a kinetic energy of about 15 keV [22] .
The geometry for photoelectron spectroscopy measurements discussed in this review is shown schematically in Figure 3 . To maximize the dipole matrix element M D and thus the electron emission, the photoelectrons are detected along the polarization direction of the X-ray beam. The directional dependence of the emission is governed by the dipole matrix element M D ∝ 1 + βP 2 (e 0 n p ), where β is the dipole asymmetry parameter, 2 P 2 (z) = (3z 2 − 1)/2 is the second order Legendre polynomial, and e 0 and n p are unit vectors characterizing the polarization of the X-ray beam and the direction of the emitted 2 Typically, β ≈ 2. Fig. 3 . Schematic geometry for a hard X-ray photoelectron spectroscopy (HAXPES) experiment. The angle of incidence of the X-ray beam with the surface is αγ and the emission angle of the photoelectron with the surface is θ. To maximize the dipole matrix element and thus the electron emission, the analyzer is pointing into the polarization direction of the X-ray beam.
photoelectron, respectively. It should be noted that matrix element effects are rendering the photo cross section not only strongly dependent on energy but also on the specific shape of the electron wavefunction. This was for instance demonstrated by Thiess et al. [23] as shown in Figure 4 . Thus, by choice of excitation energy, the emission from certain electronic levels can be enhanced or suppressed.
In the HAXPES regime, when necessary, the probed depth in the material z = d sin(θ), where d is the distance the photoelectron travels, can conveniently be adjusted (decreased) by the escape angle θ of the photoelectrons. The hard X-ray excited inelastically scattered photoelectrons travel large distances before being completely thermalized. Thus they are coming from large depth exceeding 1 μm, and it may be beneficial to decrease the angle of incidence of the X-rays α γ and thus the X-ray penetration depth below the escape depth of these electrons to minimize this inelastic background. In order not to increase the footprint of the X-ray beam beyond the acceptance of the analyzer optics (typically ≈50 μm) this requires a very small, focused beam, nowadays available from third generation synchrotron radiation sources using state-of-the-art focusing optical components such as mirrors or lenses.
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Last but not least because of the advancement of nanoscience and the increasing interest in interfaces, HAXPES has matured rapidly to an established technique. Following the proceedings of the first HAXPES conference [24] , meanwhile several reviews have been published [25, 26] , including a short review addressing HAXPES investigations of TMO thin films and interfaces [27] . It is also worthwhile to mention that very high energy resolution can be obtained by using hard X-rays owing to the fact that the energy resolution, achievable with Bragg monochromators, can be in the meV range or better at X-ray pass energies of the order of keV [28, 29] . 
The STO/LAO interface
As mentioned in the introduction, the quasi twodimensional electron gas (2DEG) [4] at the (0 0 1) interface of the band insulators STO (bandgap ≈ 3.3 eV) and LAO (bandgap ≈ 5.6 eV) has attracted considerable attention [30, 31] . Both materials are cubic perovskites above phase transition temperatures of T ≈ 105 K [32] and T ≈ 800 K [33] for STO and LAO, respectively. At the transition temperature they undergo a second order phase transition to a low temperature tetragonal and rhombohedral phase, respectively, which can both be viewed as slightly distorted cubic structures. Their cubic lattice constants match closely with 0.39 and 0.38 nm for STO and LAO, respectively and LAO grows with good epitaxially quality on STO.
There are two possible structures of the interface, depending on the termination of the STO crystal. The two possible interfaces for LAO on STO(0 0 1) are schematically shown in Figure 5 . Of the SrO/AlO 2 and the TiO 2 / LaO interfaces, only the latter gives rise to the 2D electron gas. In the (0 0 1) direction, LAO is strongly polar with the LaO and AlO 2 planes formally carrying a charge of +e 0 and −e 0 , respectively, with e 0 being the elementary charge while the SrO and TiO 2 planes of STO are formally uncharged. 4 To fulfil charge neutrality, the LAO film will be terminated by LaO and AlO2 layers on its opposing faces with opposite charges. Equivalent to a plane-plate capacitor with a dielectric medium between the charged plates, the electrical potential is diverging as the LAO thickness increases. A scenario referred to as polar catastrophe [35] .
Once the potential drop across the LAO layer reaches the value of the effective band gap, which happens for a LAO thickness of about four unit cells (UC), intrinsic doping of the interface is thought to be realized [4] . Electrons are transferred from oxygen vacancies on the LAO surface. Their formation energy is lowered as the electric potential builds up with increasing LAO film thickness [36, 37] . These electrons (1/2 e − 0 per surface unit cell i.e., 3 × 10 14 cm −2 ) occupy the empty Ti 3d band states at the Fermi level (cf. Fig. 1 ). Consequently, the Ti 4+ 3p photoelectron peak should be accompanied by a Ti 3+ satellite at lower binding energy. A combined transmission electron microscopy and electron energy loss spectroscopy study [38] found indeed evidence of the LAO surface being positively charged because of the electron transfer from O 2p at the top of the valence band at the LAO surface to the Ti 3d conduction band at the interface for charge compensation. A field related band bending in the LAO and associated core level shifts have been observed [39] , but with a value of 300 meV the magnitude of the shift was about ten-fold smaller than expected. The Ti 3+ states, owing to the partially filled Ti d-band, had been observed earlier by hard X-ray photoelectron spectroscopy (HAXPES) [40] (cf. Fig. 6 ) and more recently by Chu et al. [41] . Both studies found the Ti 3+ states to be distributed over a few nm in the STO at the interface.
As can be seen in Figure 6 , some Ti 3+ states are observed even for LAO thickness of less than four unit cells, in which case the interface should not be conducting. These residual Ti 3+ states are suggested to arise from oxygen vacancies close to the interface. At the common growth conditions for the STO/LAO heterostructure, the formation of oxygen vacancies is not expected. Their appearance may be related to the fact that external fields are reported to create charge carriers in STO (with 2D like behavior) [45] . In this context, it should be mentioned that STO can be made n-type conducting by doping e.g. with La, Nb, or oxygen deficiencies [46] . When doped by oxygen deficiencies, besides a coherent (i.e., delocalized) state close to the Fermi level, a broad incoherent (i.e., localized) state is observed, almost filling the whole 3.2 eV band gap [47] [48] [49] .
The density of states expected to show up at E F was first observed in the form of weak intensity in the band gap, reported in a resonant soft X-ray photo electron spectroscopy study [42, 43] . A very recent polarization controlled, angle resolved photoelectron spectroscopy study of the STO/LAO interface [44] was successful in mapping its electronic structure and concluded that different Ti 3d orbitals are involved in the 2DEG and the mobile carriers observed in transport measurement.
The formation of such a 2DEG could be shown for other polar oxide overlayer than LAO [50, 51] , but only reports were STO has been used as substrate have been published so far. Hence there is the suspicion that the 2DEG at the interface is intrinsically related to some specific properties of STO. Depending on preparation conditions, the observed carrier densities differ and are in most cases much smaller than the theoretically predicted 1/2 e − 0 per surface unit cell (= 3 × 10 14 /cm 2 ) [52] , which suggests some other charge compensation mechanism being active.
Superconducting TMO interfaces
The LAO/STO interface is reported to become superconducting at about 200 mK [31] , which is the temperature at which superconductivity is also observed in oxygen deficient STO [53, 54] . However, in tailored cuprate superlattice (SL) heterostructures of CaCuO 2 (CCO) and BaCuO 2 [55, 56] , superconductivity is observed with transition temperature beyond liquid nitrogen temperature.
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The European Physical Journal Applied Physics Both materials on its own are not superconducting but insulating and metallic, respectively. Superconductivity has also been reported in bilayers consisting of the insulator La 2 CuO 4 and the metal La 1.55 Sr 0.45 CuO 4 [57] with a T c of about 50 K and most recently, superconductivity was observed in SL heterostructures of the two insulators CaCuO 2 and SrTiO 3 , grown on STO(0 0 1), with a maximum critical temperature of about 40 K [58] . The superconductivity is thought to be associated with a reconstruction at the CCO/STO interface, by a mechanism that shows strong similarities with the LAO/STO case.
The CCO/STO SL and the corresponding electronic situation is schematically depicted in Figure 7 . For CCO on STO when epitaxially grown on STO(0 0 1), and in the (0 0 1) direction of the STO, the CCO exhibits alternating Ca and CuO 2 layers with formal charges of +2e 0 and −2e 0 , respectively. As shown schematically in Figure 7 this leads to an increasing, i.e., diverging electrostatic potential, analogous to the LAO/STO situation. Since the individual Ca and CuO 2 layers carry twice the charge (±2e 0 ) compared to the charge of the LaO and AlO 2 layers in LAO (±1e 0 ), the potential is even more rapidly diverging.
Depending on the details of the growth procedure, specifically the oxidizing conditions, superconducting or non-superconducting CCO/STO superlattices can be produced. Both types of CCO/STO SL heterostructures were investigated recently by HAXPES by Aruta et al. [59] . We will reproduce here in the following the HAXPES results obtained for the two different kinds of CCO/STO SLs, each with 20 supercells consisting of three to four unit cells (UC) of CCO and two UC of STO. We will only summarize the main conclusions of that study. For more details the reader is referred to the original publication, were the HAXPES results are comprehensively discussed.
Similar to the widely favored scenario for the LAO/ STO interface, the suppression mechanism of the polarity induced electrostatic potential for CCO on STO is thought to be based on an electronic reconstruction involving charge transfer between the CCO and STO blocks, accompanied, however, by a much more pronounced structural rearrangement. Figure 8 shows resistivity and HAXPES data for non-superconducting and superconducting STO/CCO as well as HAXPES data for STO and CCO. In the spectrum of the superconducting SL a shift of about 1.5 to 2.0 eV for the Ti (and Sr, not obvious in the inset) core levels toward lower binding energies with respect to STO can be observed, as emphasized in Figure 8b . In contrast, no core level shifts are observed for the Ca (and Cu, not shown) core levels of the CCO film with respect to the Ca and Cu core levels of the two SLs.
The valence band spectra of STO and CCO and the deduced band alignment of STO and CCO is shown in Figures 9a and 9b . With the information from valence band and the core level from Figures 8, 9a and 9b, the band alignment for the SLs shown in Figures 9c and 9d can be calculated based on the assumption that any change in the valence band alignment must be accompanied by a rigid shift of the core levels 5 [60] . The authors conclude that the observed band alignment does not allow any direct charge transfer between the bands of CCO and STO [61] and that the build-up of the polar potential must be inhibited by other means. They argue that the build-up of the electrostatic potential is prevented by a oxygen redistribution, as in the case of the interface between SrO-terminated STO and LAO, where the SrO interface plane is assumed to be depleted of one oxygen ion per two unit cells [35] . 5 The valence band offset ΔEv = (E The Ca and Sr interfacial planes are supposed to accommodate a variable quantity of oxygen ions, although not necessarily the same amount, i.e., TiO 2 Ca x CuO 2 and CuO 2 SrO y TiO 2 at the lower and upper interface, respectively. With x ≈ y ≈ 0.5 the interfaces would be charge neutral and the build-up of the electrostatic potential would be suppressed. This is schematically shown in Figure 7b . At this stage, the SL is not superconducting yet. This happens only when the film is deposited under highly oxidizing conditions and additional oxygen is accommodated at the interfaces in the CaO x and SrO y layer. In this case, charge neutrality is preserved by additional electron transfer, leaving two holes in the valence band of CCO for each extra oxygen, rendering the SL conducting and ultimately superconducting. This doping mechanism sketched in Figure 7c would prevent the anew build-up of the electrostatic potential. The oxygen redistribution for the CCO/STO SLs is schematically shown in • ; upper black curve for Θ = 70
• , (b) Sr 3d core-level spectra for the superconducting SL measured at an emission angle of 15
• , (c) Sr 3d core-level spectra of the superconducting SL measured at an emission angle of 70
• , (d) Sr 3d core-level spectra of the non-superconducting SL measured at an emission angle of 70
• . For all measurements the excitation energy was 2.8 keV; Figures 7b and 7c. In the following we reproduce and discuss the HAXPES results which the authors provided as evidence for this structural and electronic rearrangement.
That there is indeed no potential gradient in the SL is demonstrated by the width of the Sr 3d core-level peak, which is independent of the probed depth as shown in Figures 10b and 10c . Thus, the average electrostatic potential of the CCO block is supposed to be similar for the superconducting and the non-superconducting samples. However, locally charges may differ, internally accompanied by local electric fields.
Besides being influenced by the electrostatic potential, binding energies are a function of local chemistry
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The European Physical Journal Applied Physics • . Open circles: experimental data; solid black line: fit to the data based on the shown multi-peak structure (taken from Ref. [59] ).
and structure that can cause the core-level shifts shown in Figure 8b . Thus, it needs to be considered that the oxygen redistribution reduces the overall oxygen coordination for Sr and Ti at the CuO 2 /SrO interface (cf. Fig. 7 ). These sites with lower oxygen coordination are suggested to give rise to the components at lower binding energy in the Sr 3d and the Ti 2p core levels as shown in Figures 10b and 10c and Figures 11a and 11b , respectively. Consequently, the oxygen coordination of Ca at the TiO 2 /Ca interface (cf. Fig. 7 ) will be (on average) increased, which is supported by the observed components at higher binding energy in the Ca 2p core levels as shown in Figures 11c  and 11d . The HAXPES spectra in Figures 10 and 11 show that for the Ca2p, Sr 3d, and Ti 2p core levels the spectral weight of the components at higher binding energy increases when the SLs films are grown at high oxygen/ozone pressure, thereby acquiring superconducting properties.
The Cu 2p 3/2 core-level HAXPES spectra are in agreement with the hole doping, which was found earlier by Hall effect and X-ray absorption spectroscopy measurements [58] . A signature characteristic of apical oxygen, i.e., the screening feature marked by C in Figure 12 , is observed in the Cu 2p core levels [62, 63] . In the Cu 2p core-level spectra shown in Figure 12 , the relative contribution of the feature C increases when the film is grown under stronger oxidizing conditions. The increase of the intensity of the high-binding-energy components, including the feature C of Cu 2p, further supports the idea that those components are associated with sites with higher oxygen coordination, in agreement with the assignment that extra oxygen is accommodated at the interfaces. • . Open circles are experimental data and solid black lines are fits to the data, based on the three components A, B, and C (taken from Ref. [59] ).
PES investigation of TMO interfaces with standing wave excitation
The X-ray standing wave (XSW) technique adds picometer spatial resolution to the photoelectron spectroscopy technique. Instead of being emitted by a transient X-ray wave, electrons are ejected by a stationary X-ray standing wave. That is, the X-ray intensity is modulated in space and the intensity maxima lead to a maximum in the photoelectron emission.
The foundations of this approach were laid 50 years ago (actually at about the same time that the ESCA technique was conceived by Siegbahn and coworkers) by Boris Batterman at Bell laboratories in Murray Hill, New Jersey [64, 65] . In his pioneering experiments, Batterman did not detect the photoelectrons but the secondary X-ray fluorescence emitted from the Ge substrate and As dopant atoms in silicon. The first studies employing photoelectrons as the detection channel were published in the '80s [66, 67] . For readers not at all familiar with the XSW technique, we will present here in the following a very brief description of the principles of the method. A comprehensive overview of the XSW technique was published recently [68] and a more concise description is given in a Surface Science Report from 1993 [69] .
20701-p8 J. Zegenhagen: Photoelectron spectroscopy of transition metal oxide interfaces Fig. 13 . Reflection of a plane X-ray wave with momentum k0 and electric field E0 when tuned to the Bragg angle θB. In the overlap region with the reflected wave characterised by k h and E h a standing wave (interference field) is formed.
Photoelectrons emitted from an X-ray standing wave
The XSW is formed by the superposition of two coherent plane X-ray waves. (Almost) Plane X-ray waves are now available by the monochromatized, highly collimated X-rays emitted from insertion devices at third generation storage ring light sources. A second coherent plane wave is commonly created by Bragg reflection from a single crystal and the standing wave is formed in the overlap region of the incoming and reflected wave, as shown in Figure 13 . Also employed for the generation of the second coherent wave is reflection from a mirror surface [70] or Bragg reflection from an artificial multilayer [71] .
Importantly, when tuning the crystal through the range of reflection by adjusting the reflection angle or the incident energy of the X-rays, the planar standing wave moves. In case of Bragg reflection, it moves by half its spacing when passing through the reflection range. This allows thus scanning the XSW in a controlled way, sampling the position of PES selected atomic species. Since the planar standing wave is periodic with the diffracting planes, high resolution structural information is obtained, however, only on the length scale of the diffraction plane spacing.
The probability for the photo excitation process [72] is in the dipole approximation 6 directly proportional to the intensity of the X-ray wavefield at the center of the atom.
(No angular momentum is transferred to the electron by the photon.) Monitoring the intensity of the photoelectron signal as a function of the movement of the XSW provides information of the structural arrangement of the emitting atoms. This is schematically shown in Figure 14 .
The X-ray wavefield is created by the superposition of the incident and Bragg reflected X-ray waves (cf. Fig. 13 ) 6 In the dipole approximation, the exponential e 2πikr of the E-field operator in the matrix element, describing the photoelectric process, is simply replaced by 1, the first term of its corresponding representation in a Taylor series (1 + 2πikr − π 2 (kr) 2 −. . . ). (1 1 1), are indicated. An atom, photoexcited by the maxima of the field intensity, emits a photoelectron. The (simplified) meaning of the coherent position P h is indicated. In case of a single atom or a delta-function like distribution of atoms, it measures the distance of the particular atom from the corresponding diffraction plane, normalized by the diffraction plane spacing.
with the electric field vectors E 0 = e 0 E 0 and E h = e h E h , respectively with:
as shown schematically in Figure 13 . Here e 0 and e h are polarization vectors. The two E-fields are coherent. Thus they have the same energy, i.e.,
where k 0 and k h are the X-ray propagation vectors and λ is the X-ray wavelength. Being coherent, the two complex E-field amplitudes can be related by an amplitude and a phase factor via:
with R being the reflectivity
in case of Bragg diffraction, which is considered here. The propagation vectors of the two plane waves are related by the diffraction, i.e., reciprocal space vector h via:
as shown in Figure 13 .
20701-p9
The European Physical Journal Applied Physics
The XSW E = E 0 + E h in the overlap region is given by:
and the wavefield intensity I = |E| 2 can be cast into the simple form:
The dimensionless scalar product hr describes the spatial modulation of the wavefield intensity along h with the (wavefield) spacing d h = 2πh −1 . Normal to h the wavefield intensity is constant (cf. Figs. 13 and 14) . Calculating reflectivity, wavefield intensities, the phase υ and other parameters requires the dynamical theory of X-ray diffraction [73] [74] [75] formulated in its most elegant form by Laue. The wavefield exists above the surface to a distance limited by the temporal coherence length.
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For brevity we assume that the dipole approximation is valid. 8 In the so-called σ-geometry, when e 0 and e h are parallel, the probability of a photoelectron being emitted from an atom within the range of the standing wave and thus the expected photoelectron yield Y h A from an atom A is exactly proportional to the field intensity at the location of the atom, i.e.,
In reality a very large number N A of specific atoms A will be excited by the XSW. The total recorded yield Y h A,T is the summation of the yields of all individual atoms. Normalized the yield is given by:
Because of the large number of atoms and the specific sites r Aj , which the atoms A may occupy, the summation can be substituted by an integral. Introducing the distribution function G(r), we can write: 
with 2πP
Casting the yield function in this form, 9 it becomes evident that the two parameters f h A and P h A (coherent fraction and coherent position) in equation (4) represent in fact the amplitude and phase of one of the coefficients of the Fourier transform of G A (r) [69, 77] , i.e.,
Thus, an image of the analyzed distribution of atoms A can be created by a simple Fourier back transformation [78, 79] .
Since the available h-values and thus Fourier coefficients are restricted (to the allowed Bragg reflections), length scales beyond the dimensions of the unit cell are not accessible and thus the image represents the real distribution of the selected atomic species "folded" on to the length scale of the (largest) diffraction plane spacing. Thus, the maximum measured length scale cannot exceed the size of the unit cell of the crystal which produces the XSW. However, just one XSW measurement can produce valuable information since the determined coherent position P h A gives an average position of the specific atomic species A. This is particular valuable in case of surface adsorbates or epitaxial layers, where the distance from the substrate surface is a very important parameter. The coherent fraction F h A provides information of the distribution around this "mean" position. The closer F h A is to unity, the narrower the distribution. A meaning of the coherent position is given a simple explanation in Figure 14 .
Epitaxial HTS on NdGaO 3
Relatively early after the discovery of high temperature superconductivity, epitaxial films of these materials were found to offer new ways to study their properties and a rich playground to modify their properties. For instance, by tailoring the substrate surface structure, extremely high critical currents of 3 × 10 6 A/cm 2 , 10 have been achieved in thin films of the 90 K high temperature superconductor YBa 2 Cu 3 O 7−δ grown on SrTiO 3 (0 0 1) [80, 81] . Consequently, the interface structure of HTS films on substrates, typically with perovskite structure, became of interest.
In 2005 Lee et al. applied photoelectron spectroscopy using the XSW technique for investigating the interface structure and epitaxial properties of such films [82] . (2) is from contaminated parts of the film due to air exposure, (b) the XSW data (symbols) and best fits to the data (lines) for the NdGaO 3(0 0 4) reflection (taken from Ref. [82] ).
They studied ultra thin films (3.5 nm and 17. The GBCO thin films were grown ex-situ on singlecrystal NGO( 0 01) substrates by pulsed laser deposition (PLD). The samples were transferred without any particular precautions to the analysis chamber.
XSW measurements were performed using the (almost) plane wave from a Si(1 1 1) monochromator and scanning the energy through the (0 0 4) ("pseudo cubic") Bragg reflection at 3.23 keV ± ΔE of the NGO substrate at a Bragg angle close to 90
• . At Bragg angles close to backreflection, the reflection curves become wide in angle and some crystal mosaicity can be tolerated [68, 83, 84] .
Different chemical components could be identified in the photoelectron spectra of the O 1s and Cu 2p corelevel. The components that exhibited high coherent fractions, were attributed to well-ordered (intrinsic) parts of the oxide films. It was concluded that components of the O 1s and Cu 2p spectra that showed low coherent fractions were arising from degraded (extrinsic) parts of the films. Figure 15 shows the O 1s spectrum and the results of the corresponding XSW analysis for both components.
The large mean-free paths of the photoelectrons permitted to access the interface. The analysis of the signal of the Nd and Ga atoms coming from the buried interface below the 3.5-nm film suggested an essentially bulkterminated NGO surface. Together with the information about the lattice constant of the GBCO, the X-ray standing wave results allowed to conclude that the CuO plane of the GBCO is attached to the NdO plane, with a distance between the CuO and NdO plane of 0.18 nm.
11 Interestingly enough, for YBa 2 Cu 3 O 7−δ on SrTiO 3 (0 0 1), it had been found that the superconductor binds with the BaO plane to the TiO 2 plane of the substrate [87] . The XSW results also showed that the 3.5 nm GBCO film was adapting the in-plane lattice constant of the NGO surface and was thus pseudomorphically strained. The thicker, 17.5-nm film, was found to be already partially relaxed.
Lee et al. also analyzed the GBCO valence band, and the results are reproduced in Figure 16 . The values of coherent fraction F H and coherent position P H of the integral of the valence band were nearly identical to the values for the intrinsic part of the Cu 2p core level. This allowed to conclude that the dominant contribution to the valence band yield in this high-temperature superconducting cuprate originates from the Cu (Cu 3d) in the hard X-ray regime. 12 Readers interested in more detailed information are referred to the original publication [82] .
XSW imaging of the nucleation of a complex TMO
The orthorhombic YBa 2 Cu 3 O 7−δ (YBCO) (a = 0.383 nm, b = 0.388 nm, c = 1.168 nm) is in the a/b-plane well lattice matched with STO (a = 0.391 nm) and thin films grow on STO(0 0 1) in-plane lattice matched in a "pseudotetragonal" form (a = b) with very good epitaxial quality [88] . However, it is a interesting question how such a complex TMO with a large unit cell starts to nucleate on a substrate surface. This question had been addressed by scanning tunnelling microscopy (STM) [89, 90] . Films of YBCO with less than a monolayer (ML) coverage had been deposited on STO(0 0 1) by pulsed laser deposition (PLD). The STM image of a 0.5 ML film revealed that YBCO does not grow in the 1.2 nm tall orthorhombic structure but in the form of smaller, 0.4 and 0.8 nm high sub-units [90] (cf. Fig. 17 ). Scanning tunnelling spectroscopy (STS) showed that these nuclei were not metallic. These smaller building blocks exhibited a pronounced band-gap, which was not the case for the 1.2 nm high islands, which were observed when the coverage was about one monolayer. It was concluded that the nuclei were perovskite-like material [90] .
The internal structure of such a complex, incomplete layer is not easy to determine. In his PhD work, Thiess investigated the early stages of growth of YBCO on STO(0 0 1) by XSW imaging [18] . Half a monolayer of YBCO was deposited by PLD in 50 Pa oxygen atmosphere on atomically clean STO(0 0 1), which was held at 760
• C. The sample was slowly cooled down and then kept at 450
• in 80 hPa oxygen for 20 min, which is the standard procedure for producing superconducting YBCO films. After cooling to room temperature, the sample was transferred under vacuum to the ultra high vacuum analysis chamber at the ID32 beamline at the ESRF [91] . To obtain sufficient spatial resolution, XSW measurements of several SrTiO 3 reflections in the energy range from 2.75 to 5.49 keV were carried out at Bragg angles close to 90
• . Photoelectron spectra of core levels of all six elements were recorded at each point of the XSW scans. The net counts were extracted from the spectra for all elements. The results of the XSW scans are shown in Figure 18 . A fit to each of the yield curves using equation (4) The images of all six elements could be constructed with the help of equation (7) 13 as shown in Figure 19 . The largest length scale available is the unit cell size of the SrTiO 3 , since STO diffraction planes were used for generating the reflections. However, this is perfectly appropriate for resolving the internal structure of the 0.4 and 0.8 nm nuclei. As suggested by the earlier STM/STS study [90] , the deposited YBCO material adopts a perovskite structure. The position of the oxygen atoms are clearly resolved in the structure. However, the position of the oxygen of the substrate and the film are convoluted in the image since they could not be distinguished in the spectra.
Summary
Transition metal oxide interfaces represent fascinating subjects of research. After 10 years of theoretical and experimental work, much progress has been made in the analysis and the understanding of the electronic properties of the STO/LAO interface last not least owing to photoelectron spectroscopy. Still, many questions remain unanswered regarding the formation of the 2D electron gas. The filling of the Ti d-band is undisputed, but the field in the LAO, which is supposed to cause the charge transfer, is an order of magnitude weaker than expected. Furthermore, the carrier density remains consistently below the expected value of 1/2e 0 per surface unit cell. Last not least, the origin and the role of the oxygen vacancies at the interface remains to be explained.
As second example for TMO interfaces we presented a concise report of the HAXPES investigation of the interfacial reconstruction of superconducting CCO/STO SLs grown on STO(0 0 1) by Aruta et al. [59] . The authors suggest a complex interfacial reconstruction mechanism ultimately leading to the observed superconductivity in the heterostructure. Because of the polarity of the CCO, the CCO interfaces with the STO would be oppositely 13 Utilizing additionally the cubic symmetry of the SrTiO3. charged, giving rise to a built-in, strongly diverging electrostatic potential. The result of the HAXPES study provides evidence that such a potential is suppressed by a combination of oxygen redistribution and charge transfer in the alkaline-earth-metal interface planes. Direct charge transfer at the interface between CCO and STO, i.e., band doping appears to be prohibited as the observed band alignment suggests. However, extra oxygen, which is incorporated at the interface under strongly oxidizing growth conditions, preserves the interface charge neutrality by leaving holes in the CuO 2 planes, rendering the cuprate block superconducting.
Photoelectron spectroscopy can advantageously be combined with the XSW technique, thus adding structural resolution to its already strong features. For this, we provided two examples.
We reported briefly the main results of the XSW/ HAXPES study of two GdBCO thin films that had been grown by PLD on NGO(0 0 1) substrates and studied by XSW using photoemission and X-ray fluorescence. We showed that the valence band and the Cu 2p core level of the film exhibit identical XSW modulations, confirming that the Cu 3d states dominate the GdBCO valence band at the used hard X-ray energy. It should be noted that in particular at (hard) X-ray energies not only the density of states but also strongly the X-ray cross section determine the photoelectron yield. Because of space constraints we did not explicitly show all results of that study, but highlighted the fact that the structure of different chemically modified components can be analysed. The films had been prepared ex-situ and HAXPES obviously allows to study buried interfaces of such samples.
Structure and electronic properties are intimately connected and XSW combined with HAXPES allows to resolve structural details of complex interfaces of TMO materials which are very difficult (or even impossible) to obtain by other means. The determination of the structure of an ultra-thin, sub-monolayer HTS film on STO, which we briefly described here, is a nice example in this respect.
